Epstein-Barr virus (EBV) is an oncogenic herpes virus that is closely associated with the initiation and development of nasopharyngeal carcinoma (NPC), lymphoma and other malignant tumors. EBV encodes 44 mature miRNAs that regulate viral and host cell gene expression and plays a variety of roles in biological functions and the development of cancer. In this review, we summarized the biological functions and molecular mechanisms of Epstein-Barr virus-encoded microRNAs (EBV miRNAs) in tumor immune evasion, proliferation, anti-apoptosis, invasion, metastasis and as a potential biomarker for NPC diagnosis and prognosis. The knowledge generated by EBV miRNAs can be used for EBV miRNA-based precision cancer treatments in the near future.
Introduction
The incidence rate of nasopharyngeal carcinoma (NPC) is low in the majority of the world, but high in southern China, Mediterranean Africa and some regions of the Middle East [1, 2] . As lesions are hidden in the nasopharyngeal cavity and early symptoms are not obvious, early detection and diagnosis are difficult [3] . Approximately 70%-80% of patients with NPC have had cervical lymph node metastases or even distant metastases when diagnosed, which becomes an important restrictive factor in patient survival [4, 5] . There is mounting evidence that the vast majority of NPC is associated with Epstein-Barr virus (EBV) infection [6, 7] .
EBV is a kind of human herpes virus that belongs to the γ subfamily. EBV, first discovered by Epstein and Barr in 1964, is the first virus recognized to cause cancer in people [8] . EBV is closely associated with NPC, Burkitt lymphoma, lymphoblastoma, EBV-related gastric cancer, etc [9] . The carry-infection rate of EBV is up to 90%, but only a small number of people would suffer from NPC. EBV is maintained extrachromosomally in infected normal and tumor cells and exists in latently infected cells primarily as an episome, usually results in defective virus or partial viral DNA being integrated [10] . EBV expresses oncogenic proteins, such as EBNAl and LMP1 in the host cell [11] . At the same time, EBV is the first virus that has been shown to encode miRNAs in host cells [12] .
EBV-encoded miRNAs are transcribed as two regions according to their location: the BamH I fragment A rightward transcript (BART)-cluster 1, 2
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International Publisher and the BamH I fragment H rightward open reading frame 1(BHRF1)-cluster [12] [13] [14] [15] . To date, all BART miRNAs are detected in NPC. BART miRNAs contain 22 precursor miRNAs that encode 40 mature miRNAs. BHRF1 miRNAs have three precursor miRNAs, which encode four mature miRNAs [16] . It has been shown that EBV-encoded miRNAs interact with their viral gene or host mRNA 3'-UTR conserved region via complete or imperfect base pairing, inducing degradation or translation inhibition of the target mRNA. There are only 44 categories of mature miRNAs, but the expression of BART miRNAs in NPC accounts for a quarter of the total miRNAs [17, 18] , suggesting that EBV miRNAs play an important role in NPC pathogenesis. In this review, we will summarize the critical role of EBV-miRNAs in the development of NPC, especially in the biological functions and molecular mechanisms of immune evasion, proliferation, apoptosis, invasion and metastasis.
EBV miRNAs are involved in immune evasion in NPC
EBV infects nasopharyngeal mucosa epithelial cells, and the virus depends on host cells to synthesize EBV miRNAs, which can regulate viral and host cell gene expression to mask the infected cell from the host immune response and help the virus maintain long-term chronic infection. Once immune function is attenuated, the latent EBV is explosively activated, forming a recrudescent infection [19, 20] . Viral gene products, such as LMP1, LMP2, EBNA1, may act as antigens to trigger host cell immune response as the cell continues to produce cytokines. Multiple groups demonstrated that viral antigens are regulated by various EBV miRNAs [21] . This results in activation of the inflammatory cascade, which induces the proliferation and differentiation of immune cells that are recruited to the infected site to exert an immune effect under the guide of chemokines. During this process, EBV-miRNAs regulate the host immune response by regulating viral gene-encoded products and blocking the host immune cell activation. EBV-miRNAs can interfere with host cell immune modulation by dulling immune recognition, blocking immune signaling pathways, affecting the levels of antigen proteins and other behaviors to paralyze the host immune system.
EBV miRNAs inhibit recognition of pattern recognition receptors
Recognition of viral pathogen-associated molecular patterns by pattern recognition receptors (PRRs) is the first step in the initiation of a host innate immune response. The RIG-I-like receptor family (including RIG-I, MDA5 and LGP2) is an important member of PRRs, which can recognize viral RNAs or replication transcripts in the cytoplasm. The viruses employ the strategy that inhibit RIG-I recognition to achieve immune evasion. A recent study demonstrated that miR-BART6-3p suppressed RIG-I-like receptor signaling-mediated IFN-β production. Furthermore, miR-BART6-3p inhibited the EBV-triggered IFN-β response and facilitated EBV infection through targeting the 3'UTR of RIG-I mRNA [22] (Figure 1 ).
EBV miRNAs regulate lymphocyte activation and lethality
EBV miRNAs can attenuate immune recognition and lymphocyte activation. To tolerate the virus after EBV infection, the host cells produce a ligand, major histocompatibility complex class I-related chain B (MICB), which is an NKG2D receptor ligand. The NKG2D receptor is located on the surface of NK cells, can function in immune recognition in infected cells and effectively activate NK cells and T cells [23] . EBV-miR-BART2-5p downregulates the expression of MICB by targeting the host cell MICB ligand, which reduces host cell immune recognition and activation in infected cells [24] (Figure 1) .
In the early stage of EBV infection, dormant B cells are rapidly differentiated into memory B cells driven by the germinal center. Therefore, the germinal center plays an important role in lymphocyte cell cycle and differentiation. Early B-cell factor 1 (EBF1), a B cell transcription factor, plays a key role in the formation of the germinal center [25, 26] . Moreover, EBF1 targets many B cell-specific genes, including the B cell developmental regulator PAX-5 (which is necessary for maintaining B cell phenotype), B cell receptors (BCR) and Bcl-2 interacting mediator of cell death (Bim). If EBF1 function is absent, mature B cells will not function [27, 28] . Ross et al. [29] found that EBV-miR-BART11-5p binds to the EBF1 3'-UTR, highlighted a potential role of BART-11-5p in the regulation of B-cell differentiation (Figure 1 ).
IPO7 is a nuclear receptor associated with congenital immunity. Under the stimulation of the endotoxin LPS, interfering with IPO7 expression in macrophages can reduce the secretion of IL-6. IPO7 is also associated with autoimmune regulatory factors, including a transcription factor that regulates immune tolerance, and IPO7 expression is positively correlated with T cell immune toxicity [30] . Dolken et al. [31] found that EBV-miR-BART3 could target IPO7, reduce its expression and lymphocyte cytotoxicity, and protect infected cells (Figure 1) .
EBV miRNAs inhibit EBV surveillance via CD8 + T cells through multiple mechanisms, such as reducing virus-specific proliferation by directly targeting TAP2, diminishing IL-12 release, and repressing the nuclear antigen EBNA1 [32] . These proteins are found in Burkitt lymphoma, but their interplay with EBV miRNAs in NPC remains unclear. Cytokines are a class of proteins or polypeptides that convert information in intercellular communication and immune response [33] . CXCL11 binds to the lymphocyte surface chemokine receptor CXCR3, which drives immune cells migrate to infected loci and exerts immune functions [34] [35] [36] . In non-Hodgkin's lymphoma, miRBHRF1-3 can restrain host cell immune chemotactic functions by inhibiting the expression of CXCL11, which inhibits inflammation and is conducive to infected cell survival [37] . The inflammatory body is composed of multiple protein complexes. To date, nod-like receptor protein 3 (NLRP3) is the most well-recognized inflammatory body [38] . Upon activation, NLRP3 can recognize foreign pathogens and dangerous signals; recruit and activate proinflammatory protease Caspase-1, cleaved IL-1β and IL-18 precursors, and induce anti-viral inflammation. MiR-BART15 can bind to the NLRP3 3′-UTR, downregulate its downstream cytokines and inhibit inflammation [39] . Thus, the EBV BART miRNA-mediated tumor inflammation microenvironment plays an important role in immunity, though its role remains obscure in NPC [40] .
EBV miRNAs modulate infected host cell antigens
EBV usually remains latent in the tumor and expresses small amounts of latent membrane proteins to evade the host immune surveillance. Some of viral proteins, including a lytic EBV protein, has been shown to bind or target the SCF complex, thereby indirectly suppressing NF-κB activation pathways that elicit innate immune responses [41] [42] [43] . For example, LMP2A is an EBV-encoded protein that is a highly immunogenic virus antigen and can be specifically recognized by CD4 + and CD8 + T cells [44] . Lung et al. [21] found that EBV-miR-BART22 can directly target the 3'-UTR of LMP2A, which may facilitate NPC carcinogenesis by evading the host immune response (Figure 1) . EBV encodes another latent protein, LMP1, which is an oncoprotein that it considered to be an important factor in the development of NPC. LMP1 can upregulate the epithelial-mesenchymal transition (EMT) and regulate many signaling pathways, including the NF-κB, JNK-p38/SAPK, Ras-MAPK, PI3K-Akt and JAK-STAT pathways [45] [46] [47] [48] [49] [50] . It has been reported that miR-BART9 upregulates the expression of LMP1 in an indirect regulatory manner, such as enhancing LMP1 mRNA stability [51] , maintaining high LMP1 expression levels in the host cell and promoting LMP1 oncogenic effects (Figure 1) . However, LMP1 has a dual effect on NPC. In the other side, EBV-encoded BART miRNAs can target LMP1, prevent apoptosis or induction of host immune response due to excessive LMP1 accumulation. MiR-BART5-3p can target LMP1, but miR-BART5-3p is a passenger strand (not mature miRNA) and therefore does not have functional effects. MiR-BART3-3p and miR-BART7-3p also can target LMP1 but are weaker than miR-BART5-5p [52] . Lo et al. initially described that EBV BART cluster I miRNAs, specifically miR-BART1-5p, miR-BART16, and miR-BART17-5p can target the LMP1 3'-UTR and regulate LMP1 expression [53] . But Skalsky faired to conform the miR-BART1-5p targeting by PAR-CLIP analysis, they showed that five EBV BART miRNAs (miR-BART3, miR-BART5, miR-BART16, miRBART17, and miR-BART20) target LMP1 3'-UTRs, which uncovered a role for EBV BART miRNAs in modulating NF-κB signaling pathways (Figure 1 ).
EBV miRNAs maintain EBV infection status
In the latent stage and early stage of lytic replication during EBV infection, EBV miRNAs regulate the host cell cycle for the virus's own benefit by regulating EBV and host cell gene expression. To achieve a persistent latent infection, EBV inhibits its own lytic replication to prevent excessive proliferation [54] . For example, the endonuclease Dicer is part of the RNase III family and specifically recognizes double-stranded RNA. Dicer not only regulates the expression of host cell and viral miRNAs but also affects the EBV infection process [55] . In the study by Iizasa et al. [56] , antisense oligonucleotide silencing was used in C666-1 cells to inhibit endogenous EBV miR-BART6-5p expression, which increased Dicer expression, followed by increased mRNA levels of the immediate early genes Zta and Rta and immunogen latent proteins Epstein Barr virus nuclear antigen 2 (EBNA2) and LMP1, indicating that EBV-miR-BART6-5p can target and bind to the Dicer gene and subsequently regulate the conversion of a type I/II latent infection to a type III infection ( Figure  1) .
When EBV enters into the early stage of lytic replication, BALF5 is highly expressed. This gene is a necessary DNA polymerase for DNA replication during the lytic process. Barth et al. showed that EBV-miR-BART2 is complementary to the BALF5 3'-UTR and EBV-miR-BART2 overexpression results in a decrease in BALF5 protein levels in the lytic phase. Mechanistically, EBV-miR-BART2 directly targets and downregulates the expression of BALF5. This was compatible with the notion that EBV miR-BART2 inhibits transition from latent to lytic viral replication [19] (Figure 1) .
BHRF1 miRNAs were reported no or low expressed in NPC cells. Li et al. [57] confirmed that miR-BHRF1-1 is involved in TPA-induced EBV late lytic replication in NPC cells. MiR-BHRF1-1 can start the virus lytic replication switch gene Zta in the EBV-positive NPC cell line SUNEl to promote EBV lytic replication and complete the conversion to the viral infection state. Further study demonstrated that the EBV original pathogen miR-BHRF1-1 is involved in the control of EBV late lytic replication by directly targeting the host p53 gene [4] . Specifically, the host p53 is functionally inhibited by EBV in latent stage [58] , transiently elevated in the early lytic stage [59] and then declined in late lytic stage to benefit viral replication [60] . MiR-BHRF1-1 expression was induced but delayed when entry into lytic cycle. This phenomenon indicates that miR-BHRF1-1 may downregulate host p53 in late lytic stage (Figure 2) .
In addition to modulating EBV lytic replication, EBV miRNAs also regulate cell cycle-related regulatory molecules in the host cell to create conditions for viral persistent latent infection. For example, MAP3K2 is a pivotal molecule in various signaling pathways. There are many transcription factors in its downstream signaling pathways, such as CREB, ATF1-2 and c-jun, that bind to the promoter region of the immediate early gene BZLF1 and promote its expression [61] . BZLF1 expression in both B cells and epithelial cells can activate lytic replication [62] . In a study by Qiu, et al. [63] , it was confirmed that EBV-miR-BART18-5p inhibits MAP3K2 expression by targeting the MAP3K2 3'-UTR in B lymphocytes, thus inhibiting viral lytic replication during the immediately early phase, this allows EBV to achieve its long-term latent infection aim ( Figure  1&2 ).
A recent study shows that BART5-5p, BART7-3p, BART9-3p, and BART14-3p could negatively regulate the expression of ataxia telangiectasia mutated (ATM), which is a key DNA double-strand break repair gene, by targeting its 3'-UTR. By aborogation these endogenous miR-BARTs in EBV-positive NPC cells, they further demonstrated the role of miR-BARTs in inhibiting Zta-induced lytic reactivation. Taking together, the four EBV miRNAs work together to modulate ATM activity in response to DNA damage and to maintain viral latency, contributing to the tumorigenesis of NPC [64] (Figure  1 ).
EBV miRNAs promote cell proliferation in NPC
The activation of oncogenes and the inactivation of tumor suppressor genes are common events in tumors. EBV miRNAs promote NPC cell proliferation by directly or indirectly regulating genes and related signaling pathways.
FOXP1, a transcription factor, can not only prevent the secretion of inflammatory factors by macrophages but also regulate signaling pathways important for the differentiation of mononuclear cells to macrophages. FOXP1 overexpression blocks mononuclear cell differentiation and inhibits NPC cell growth. Song et al. found that EBV-miRBART11 directly targets the FOXP1 3'-UTR and attenuates FOXP1 expression, which inhibits tumor-associated macrophage (TAM) differentiation and inflammatory factor secreting into the tumor microenvironment, inducing NPC cell proliferation (Figure 2) . EBV-miR-BART11 can also promote NF-κB transcription through FOXP1 [65] .
EBV miRNAs can cooperate to activate the Wnt signaling pathway by downregulating Wnt inhibitory genes, such as WIF1 (targeted by miR-BART19-3p), APC (targeted by miR-BART19-3p, 17-5p, and 7), and NLK (targeted by miR-BART14, 19-3p, 18-5p), but wong et al. only use Q-PCR and western blotting to demonstrate the potential correlation, the specific mechanism still need to be clarified [66] [67] [68] (Figure 2) . This gives us a hypothesis that EBV miRNAs may regulate cell proliferation by indirectly regulating Wnt signaling pathways.
The DICE1 gene is highly conserved and is widely expressed in tissues. The DICE1 protein shows 92.9% identity to the carboxy-terminal half of the mouse EGF repeat transmembrane protein DBI-1. The DBI-1 protein interferes with the mitogenic response to insulin-like growth factor 1 (IGF-I) and is presumably involved in anchorage-dependent growth [69] . DICE1 is a tumor suppressor that can inhibit growth and interfere with the anchorage-independent growth of IGF-IR-transformed tumor cells. Lei et al. found that EBV-miR-BART3* downregulates the expression of the NPC suppressor DICE1, which in turn promotes the growth and transformation of NPC cells [70] (Figure 2) .
EBV-miR-BART7 plays multiple roles in NPC, such as promoting cell growth, clonal formation and cell cycle progression, by activating PI3K/Akt/c-Myc and c-Jun. C-Myc and c-Jun are important transcription factors in cell growth and usually highly expressed in NPC [71, 72] (Figure 2) . Additionally, NPC cells transfected with miR-BART7 mimic (a synthetic miRNA function substitute) are more tolerant to cisplatin [71] . Furthermore, Cai et al. found that gold PEI nanocarriers can deliver anti-miRBART7-3p to target and inhibit the function of BART7, which provides a new therapeutic strategy for targeted therapy based on EBV-miRNAs [73] .
EBV miRNAs can also influence cancer cell metabolism. Ye et al. reported that EBV-miR-BART1 dramatically modulates G6PD, SAT1 and other metabolism-related genes (Figure 2 ). PAST1 and PHGDH are upregulated in NPC specimens and are important for tumor cell proliferation and growth, respectively [74, 75] . Qiu, et al. [76] demonstrated that there are no obvious associations between tumor growth and the expression of specific BART-miRNAs. However, upon further study, it was found that the upregulation of all the BART-miRNA expression is positively correlated with tumor growth, consistent with previous observations that all the BART miRNAs are highly expressed in all of the EBV associated cancers, suggesting that dysregulated expression of the BART miRNAs potentiates tumor growth and represents a general mechanism behind EBV associated oncogenesis.
EBV miRNAs play a crucial role in cell apoptosis in NPC
There are three main cell apoptosis pathways. The first is the mitochondrial pathway, which is divided into the following two categories: the first class requires activation of the caspase pathway via mitochondrial CytoC release and the second type does not require caspase activation, but occurs through the release of mitochondrial apoptosisinducing factor (AIF). The second pathway is accomplished by activating death receptors through the TNF pathway. The third pathway is the endoplasmic reticulum pathway, whereby endoplasmic reticulum stress leads to a calcium ion imbalance that can either activate caspase 9 to promote apoptosis or induce the activation of the proapoptotic Bcl-2 family proteins Bax and Bak. EBV miRNAs can regulate the expression of Caspase-3 and the apoptotic pathways to inhibit host cell apoptosis and achieve persistent infection [77] .
A study by Kang et al. [78] used PAR-CLIP and luciferase assay to experimentally identify the miRNA targetome in C666 NPC cells, including FEM1B and CASZ1a (miR-BART3), OCT1 (miR-BART6), ARID2 (miR-BART8), CREBBP and SH2B3 (miR-BART16) and finally PPP3R1, PAK2 and TP53INP1 (miR-BART22). They introduced artificial miRNAs specific for pro-apoptotic miR-BART target mRNAs to phenocopy their anti-apoptotic effect in AGS gastric carcinomas cells, and found that 7 cellular genes identified as targets for anti-apoptotic EBV miR-BART (CASZ1, DICE1, SH2B3, PAK2, TP53INP1, OCT1 and CREBBP). However, they faired to test the anti-apoptotic effect in NPC cell lines, which leave to be proven. P53 upregulated modulator of apoptosis (PUMA) is a pro-apoptotic protein and member of the Bcl-2 family that has been discovered in recent years; it is a key factor that induces non-p53-dependent and p53-dependent apoptosis. PUMA is usually lowly expressed in 60% of NPC patients. Choy et al. [79] showed that miR-BART5 makes NPC cells less sensitive to proapoptotic agents, suggesting that depleting miR-BART5 or inducing PUMA expression could induce cell apoptosis. Mechanistically, EBV-miR-BART5 directly targets PUMA and maintains latent virus infection by protecting host cells from apoptosis (Figure 2) . Bim is a pro-apoptotic protein that activates Bax-induced mitochondrial apoptosis through Bcl-2/Bax interactions. Marquitz et al. verified that Cluster I miRNAs (miR-BART1-5p, 4, and 5) and Cluster II miRNAs (miR-BART9, 11-3p, 11-5p, 1, and 18-3p) both bind to the Bim 3'-UTR to inhibit host cell apoptosis [80] (Figure 2) .
In addition to regulating apoptotic regulators, EBV miRNAs can also affect pro-apoptotic protein receptors. For example, translocase of outer mitochondrial membrane 22 (TOM22) is a receptor for the pro-apoptotic protein Bax that is located on the mitochondrial outer membrane. During the execution phase of apoptosis, activated Bax forms a complex with TOM22 and binds to the mitochondrial outer membrane; this controls the permeability of the mitochondrial outer membrane and regulates the release of apoptotic factors into the cytosol [81] . Dolken et al. showed that EBV-miR-BART16 binds to TOM22 by competitive targeting, thereby reducing Bax binding to TOM22 and inhibiting the Bax-TOM22-mediated mitochondrial apoptotic pathway [31, 82] (Figure 2) .
BART 16 and 17-5p induce apoptotic resistance by targeting LMP1 in NPC (Figure 2) , which plays an important role in the initial stage of tumor. LMP1 has different roles in different stages of EBV infection. In the precancerous stage, LMP1 overexpression promotes its cancer-promoting function, whereas in the advanced stage of cancer, LMP1 expression is relatively low. EBV-miR-BART 16 and 17-5p prevent cytotoxic effects by downregulating LMP1 and inducing NPC cell apoptosis resistance [83] .
NF-κB is one of the most important factors in NPC progression because it regulates cell proliferation and inflammatory response. NF-κB activation promotes the release of cytokines from inflammatory cells, thus promoting normal cells to transform into malignant cells. In turn, the increased cytokines promote NF-κB activation, which forms a positive feedback loop. Moreover, NF-κB activation leads to p53 accumulation, which prevents JNK-induced apoptosis [6, 84] . The BART cluster I regulates NF-κB activity by regulating LMP1 levels [53] (Figure 2) .
Wan et al. established a cellular and viral miRNA profile in NPC via microdissection that included 9 upregulated EBV miRNAs (BART1-5p, BART3, BART4, BART5, BART6, BART7, BART8, BART10 and BART18-3p). The targets of these EBV miRNAs are mainly enriched in the TGF-β and Wnt signaling pathways and involved in NPC apoptosis and transformation. The target genes are mainly ARHGEF12, SH3GLB1, DHCR24, IGFBP5, ITGA2, FOXO1 and FZD4. Only BART18-3P had no predicted results. This will help us to further dissect miRNA targets and the associated regulatory network [85] . However, the specific mechanisms associated with these miRNAs and targets need to be verified.
EriSeto et al. found that mutations in EBV precursor miRNAs in B cell lymphomas prevent them from being processed into mature viral miRNAs. These mutated phenotypes were observed during the early stages of primary B cell infection. The BHRF1 locus of viral miRNAs inhibits apoptosis and promotes cycle progression and proliferation, indicating that viral miRNAs promote cell transformation rather than controlling viral genes during the lytic phase. Additionally, EBV genomic variation plays an important role in EBV-related tumors [86] . Shu-Jen Chen revealed extensive sequence variation by NPC tissue deep sequencing. A wide range of sequence variations were detected in all 44 EBV miRNAs, including 1-3 nucleotide mismatches compared to the reference EBV genome, most of which occurred at the 3'-end between nucleotides 17 and 24. The nucleotide mutation distribution pattern is similar to that in human brain tissues, where EBV miRNAs and cellular miRNAs share the same seed sequence. With respect to the mechanism of genomic variation, SNP and post-transcriptional modifications may promote mutations, RNA editing and template-free extension, which are common posttranscriptional modifications [17] .
EBV miRNAs affect invasion and metastasis
Tumor metastasis is often the main cause of cancer recurrence, poor prognosis and death. EMT is a predominant way for epithelial-derived malignancies to acquire migration and invasion abilities [68] . During this process, polarized epithelial cells are transformed into mesenchymal-like cells, which can enhance skeletal rearrangement and display increased migration and invasion abilities [67, 87] . Thus, EMT is considered to be an initial step in tumor metastasis and plays an important role in tumor initiation and development. In EBV-related tumor cells, EBV miRNAs can regulate EMT-related molecules and signaling pathways to enhance the invasion and metastasis of tumor cells and promote tumor deterioration.
PTEN, a tumor suppressor that competes with tyrosine kinases for a common substrate, can not only promote cell apoptosis and delay cell cycle progression but can also affect other PTEN-dependent signaling pathways, such as the PI3K/Akt and Akt/GSK-3β signaling pathways, leading to high expression of EMT markers, such as Snail and β-catenin [88] . In two successive reports [72, 83] , Cai, L.M showed that EBV-miR-BART7-3p and EBV-miR-BART1 overexpression are positively correlated with the number of lymph nodes and the clinical stage of NPC malignancy. Interestingly, EBV-miR-BART7-3p and EBV-miR-BART1 both directly target PTEN, and therefore promote EMT (Figure 2) . Further studies have shown that EBV-miR-BART7-3p targets PTEN, which leads to high Snail and β-catenin expression by regulating PI3K/Akt/GSK-3β, whereas miR-BART1 directly targets PTEN, resulting in the activation of PTEN-dependent pathways, including the PI3K-Akt, FAK-p130Cas and Shc-MAPK/ERK1/2 pathways. MiR-BART1 forces actin cytoskeleton reshaping and EMT, thereby promoting NPC invasion and metastasis. Based on bioinformatics analysis and PAR-CLIP prediction, Wong et al. predicted that several EBV-BART-miRNAs, including EBV-miR-BART9 and EBV-miR-BART18-5p, directly target the tumor suppressor PTEN, thereby promoting tumor cell invasion and metastasis abilities; however, the exact mechanism requires further verification [66, 89] .
Beta-transducin repeat containing E3 ubiquitin protein ligase (BTRC) is another signaling molecule capable of regulating EMT that promotes the ubiquitination of its downstream substrates β-catenin and Snail, thereby inhibiting EMT. According to Li Guiyuan's team, EBV-miR-BART10-3p expression is negatively correlated with BTRC, EBV-miR-BART10-3p overexpression and low BTRC expression are positively correlated with poor prognoses in NPC patients.
Mechanistically, EBV-miR-BART10-3p overexpression enhances the invasion and migration capacity of NPC cells by targeting BTRC (Figure 2 ) and regulates the expression of its downstream target genes β-catenin and Snail, ultimately promoting EMT and metastasis [90] . MAP3K5 is an important early response and apoptosis-related gene in the P38-MAPK pathway.
MiR-BART22 directly targets the MAP3K5 3'-UTR and downregulates the MAP3K5 protein and the expression of the downstream target gene MAP2K4 (Figure 2) . MiR-BART22 can promote proliferation and invasion in the NPC cell line 5-8F, partly by regulating MAP3K5 [91] .
In a recent study, EBV-miR-BART6-3p expression is negatively correlated with distant metastases and tumor recurrence. Further study showed that EBV-miR-BART6-3p exerts an inhibitory effect on EMT by targeting the lncRNA LOC553103 [92] , thereby reducing the invasion and metastasis abilities of these cells [92] (Figure 2) .
In recent years, it has been found that EBV miRNAs can directly regulate EMT markers, induce the formation of the mesenchymal phenotype and promote EMT. Hsu, CY et al. [93] confirmed that EBV-miR-BART9 could directly target and inhibit E-cadherin expression and promote EMT (Figure 2) . As a result, EBV-miR-BART9 facilitates migration and invasion in NPC. Additionally, intracellular NDRG1 is not only an inhibitory molecule in metastasis but also a marker for epithelial cell differentiation. NDRG1 is highly expressed in epithelial cells and positively correlated with cell differentiation signals [94] . Moreover, NDRG1 interacts with the Wnt signaling receptor LRP6 and hinders Wnt signaling [95, 96] . Multiple EBV miRNAs in combination can inhibit NDRG1 expression and promote cell dedifferentiation and growth [97] . This can activate the Wnt signaling pathways and promote the transformation of epithelial cancer cells (summarized in Table 1 ).
EBV miRNAs are transported via exosomes and could serve as biomarkers in NPC
D. Michiel Pegtel et al. first detected a large number of BART-miRNAs in circulating non-infected non-B cells (the EBV genome was absent in these cells). BART1-5p was circulating in infected and non-infected B cells, indicating that EBV-miRNAs were transported to neighboring cells by exosomes and have gene-inhibition functions [100, 101] . Canitano demonstrated that all of the EBV-miRNAs detected in LCL and 721 cells (two lymphoblastoid cell lines) were also present in exosomes purified from these cells, suggesting their delivery via exosomes [102] . Gourzones et al. determined that BART miRNAs are released into the extracellular space by NPC cells via secreted exosomes, these miRNAs were detected with good selectivity in plasma samples from NPC-xenografted nude mice as well as NPC patients. [103] . Meckes et al. further found that not only were BART-miRNAs secreted from NPC cell lines via exosomes, but LMP1 was also present within the exosomes. Even though the cell line C666-1 contained very few LMP1, this protein was easy to detect in exosomes. One might speculate that the release of EBV miR-BARTs via exosomes downregulates the expression of LMP1 in NPC, thus inducing signaling pathways such as AKT and ERK. More interestingly, exosomal EBV-miRNAs have different abundances compared with their intracellular levels, suggesting that some of the viral miRNAs may be selectively packaged into exosomes. Exosomal EBV miRNAs could manipulate the tumor microenvironment to enhance tumor progression. Moreover, the exosome contents and properties may be changed by these molecules [104] . These biological changes are consistent with EBV exploiting the host cell miRNA machinery for its own benefit. This is also a potential mechanism for intercellular exchange and immunoregulation, although the mode of this transport remains obscure [100, 105] . Other EBV-miRNAs, including miR-BART4, miR-BART7, miR-BART9, miR-BART12, miR-BART13 and miR-BART16, were found to be transported to neighboring cells by vesicles or exosomes that were free of RNases.
More than 75% of NPC patients have developed local metastases when diagnosed, which hinders effective treatments and leads to poor prognoses. Thus, it is particularly important to identify sensitive and specific biomarkers for early diagnosis and prognosis [106] . Because EBV miRNAs could be delivered by exosomes, out of RNases, they are more stable in tissues and serum compared to circulating tumor DNAs. Meanwhile, EBV miRNAs present in higher abundance than cellular miRNAs, and they are easier to extract and detect with higher specificity in comparison with proteins, thus EBV miRNAs are ideal molecular markers in EBV-related cancers [107] [108] [109] .
Zhang et al. established an EBV BART microRNA profile and found that three are highly expressed (miR-BART3, miR-BART7 and miR-BART13). However, only miR-BART7 and miR-BART13 were found in NPC patient serum samples. ROC curves showed that miR-BART7 and miR-BART13 showed a 90% prognostic value and the expression of them decreased after radiotherapy, indicating that miR-BART7 and miR-BART13 have the potential to be plasma biomarkers for NPC diagnosis and prognosis [110] . Zhen et al. examined the expression of 4 EBV miRNAs in a large number of clinical specimens and normal controls (miR-BART1-5p, miR-BART5, miR-BART6-5p and miR-BART17-5p) and found that all four miRNAs were higher in the clinical samples than in the normal group. Specifically, miR-BART1-5p is suitable to be a diagnostic indicator (93.5% sensitivity and 100% specificity), even in cases that were falsely diagnosed as negative based on histopathological analysis, plasma EBV DNA load, and VCA-IgA and EA-IgA titers [111] . Gourzones C confirmed that EBV-miR-BART17 has good sensitivity (77%) and high specificity (90%) [112] .
Hirai et al. collected serum from 31 EBV-positive NPC patients and 40 non-NPC controls and examined the copy numbers of circulating miR-BART2-5p, miR-BART17-5p and miR-BART18-5p. The expression of these three BART-miRNAs was not associated with the stage or treatment after diagnosis, but miR-BART17-5p was detected in 5/11 cases with relapse or residual tumors after treatment and absent in patients with no recurrence or remnants, suggesting that miR-BART17-5p is a potential prognostic biomarker [113] . Further, miR-BART17 delivery is associated with ribonucleoprotein complexes and not exosomes [112] . The advantages of circulating microRNAs are their stability and abundance, which means that EBV-miRNAs have the potential to be serum biomarkers for early diagnosis and prognosis. This is especially true when the circumstance that EBV DNA is undetectable [114] , while EBV-miRNAs are present in almost all patients.
In conclusion, EBV miRNAs could be transported to neighboring cells or serum by vesicles or exosomes, thus they outweigh current tumor biomarkers in many aspects, and can be promising molecular biomarkers and new targets for future drugs. But its defect is that EBV miRNAs still remain to enlarge clinical application and evaluate the effectiveness. (EBV miRNAs function as biomarkers summarized in Table 2 ). 
EBV-targeted therapy in NPC
EBV causes approximately 200,000 new malignancies per year, therefore, we need to find a safe and effective means to intervene in the development of tumors. For non-metastatic NPC, radiotherapy is the most prevalent method to locally control 50-90% of tumors [115] . In contrast, platinum-based chemotherapy is often used to treat advanced and lymph node metastasis in NPC.
Nevertheless, local failures and distant metastases still occur, and radiotherapy and chemotherapy may cause serious side effects. There is compelling evidence that cytotoxic T lymphocyte-based immunotherapy plays an important role in EBV-related solid tumors [116] [117] [118] . As EBV miRNAs play a pivotal role in immunization, could they potentially interfere in the response of EBV miRNAs to T lymphocytes? With respect to cancer prevention, the main goal is a vaccine based on EBV products, such as targeting LMP2A and EBNA1 to induce a T cell response [119] . A novel adenoviral vector-based vaccine termed AdE1-LMP poly has been developed that fused multiple CD8 + T-cell epitopes from LMP1 and LMP2. This adoptive immunotherapy could extend patients' life. However, these vaccines have not yet been approved. The biggest problem is the lack of animal models. Additionally, it is difficult to find immunogen and adjuvant combination therapies. EBV DNA are currently being used for clinical early detection and screening in high-risk populations [120] . For EBV-based second-generation tumor prophylaxis, we should consider EBV miRNAs as a candidate for specific biomarker and targeted therapy, due to their pivotal roles in NPC and good properties. Probably the most important quality of miRNA gene therapy in comparison with current approaches of targeting single gene is its rapid modulation of many different pathways or targets, thus improving its effectiveness greatly and inducing fewer side effects. CRISPR/Cas9 system has been adopted for genetic engineering in mammalian cells, allowing us to edit the genomes with our expect precision. In a study of BL parent-derived cells, the use of CRISPR / Cas9 to clear the EBV potential genome resulted in proliferation arrest and apoptosis without significant toxic effects on uninfected cells [121] . The feasibility of CRISPR/Cas9-mediated editing of the EBV genome (EBNA-1, EBNA-3C, LMP1, and BART) has also been demonstrated in cultured NPC cell lines [122] . Moreover, the CRISPR / Cas9 system is being updated at a very fast pace, Zhang Feng et al. demonstrated RNA editing by using catalytically inactive Cas13 (dCas13) to direct adenosine-to-inosine deaminase activity by ADAR2 (adenosine deaminase acting on RNA type 2) to transcripts in mammalian cells [123, 124] . Perhaps we can use these highly precision techniques to target the EBV miRNA-encoding regions of the viral genome to achieve EBV-targeted therapy, and we may apply gene editing techniques to animal models.
Perspective
Approximately 20% of human tumors are associated with latent virus infection, such as EBV, during initiation and development. EBV has been shown to regulate both viral and host cell gene expression and epigenetic mechanisms. When EBV infects host cells, the virus inhibits lytic replication, prevents explosive proliferation and remains latent to avoid host immune surveillance. EBV miRNAs regulate EBV and host cell gene expression, the host cells remain in the cell cycle, which continues to provide materials and energy for viral survival and reproduction. During this latency period, EBV miRNAs promote tumor cell proliferation, attenuate apoptosis, and promote invasion and metastasis, all of which pave the way for sustained virus infection. This dynamic balance cooperates to achieve persistent latent infection for the virus and further participates in the development of cancer.
So far, 44 mature EBV miRNAs have been identified, however, many of the target genes and their mechanisms remain unclear. For example, miR-BHRF1-3 and miR-BART15 can target CXCL11 and NLRP3 respectively and play an important role in lymphoma progression. However, the role of the EBV miRNAs in the NPC tumor microenvironment remains unclear. There are currently no references associated with miR-BART4, 12, 13, 15, 20, and 21 and their targets in NPC. The same EBV miRNAs can target multiple molecules to modulate a variety of functions, and the same target molecules have different roles in different stages of viral infection. EBV genomic variation also affects NPC pathogenesis. IsomiRs are miRNAs containing heterozygous mutations affecting the length and sequence that can affect the stability of target genes, miRNAs and the translation machinery. Carol Ying-Ying Szeto demonstrated the role of miRNAs in transcript expression and miRNA genomic variation through mRNA and miRNA sequencing in the NPC cell lines HK1, C666 and immortalized NP420 cells. The NGS data showed isomiRs that are worthy of study and identified that three quarters of the miRNAs had isomiRs, providing even more evidence that the functions of these EBV-encoded miRNAs need to be studied in NPC [125] . Recently, Li Guiyuan's team illuminated the characteristics of EBV genomic variations in NPC tissues using "capture-sequencing" analysis. In total, 20328 variants were found, including 19903 single base variation, 88 insert mutations and 154 deletion mutations. A large number of potentially non-synonymous mutations were found in genes encoding LMP1, BZLF1, EBNA1, BKRF2 and the miRNAs [126, 127] , highlighting that the role of EBV genome variation in NPC pathogenesis warrants further study.
The secretion of EBV miRNAs from infected B cells to uninfected cells through exosomes raises a fascinating possibility that EBV-miRNAs have the potential to be a serum biomarker for early diagnosis and prognosis. In the future, we may be able to use EBV-miRNA interference methods, such as mimics, inhibitors, anti-miRNA oligonucleotides or CRISPR / Cas13 system combined with exosomes or nanocarriers to transport these molecules to specific sites for targeted therapy, for the treatment of NPC [73, 128] . Thus, we believe that a better understanding of the EBV-miRNA regulatory networks in NPC will lay a solid theoretical foundation for the treatment of NPC.
